The paper industry primary waste is usually deposited in landfills or incinerated. This material has a high content of lignocellulosic components, which could be converted to cellulose nanostructures (CNS). This study aimed to compare compositional (Fourier transform infrared spectroscopy), thermal (thermogravimetric analysis), morphological (scanning electron microscopy) and dimensional (dynamic light scattering and atomic force microscopy) properties of CNS obtained through chemical and mechanical isolation processes. The FTIR results showed similar chemical bonding for both nanostructures, which indicated presence of cellulose and lignin. Their average size was 170 nm and 209 nm for chemical and mechanical processes, respectively. The morphology of SEM images showed a compact structure and the chemical isolation presents smaller CNS agglomeration than mechanical. TGA results showed higher thermal stability for CNS-chemical than CNS-mechanical samples and AFM images indicate the CNS morphologies, which showed nanoroads for CNS-chemical and nanoneedles for CNS-mechanical.
Introduction
The growing awareness of environmental issues and resource scarcity explains the increased interest by industries in the reuse of wastes generated during production processes. Furthermore, strict legislative policies have forced the industries to find ways to reuse residues that previously were incinerated or disposed in landfills 1 .
The paper industry is considered one of the largest consumers of natural resources (wood and water) and energy (electricity and fossil fuels). This kind of industry also contributes significantly to emissions of pollutants to the environment. These pollutants are the result of chemical treatment carried out in the pulping of wood and paper production. The final sludge resulting from the production process consists of 25-30% lignocellulosic material and 70-75% water 2 .
The conversion of lignocellulosic materials in nanocellulose has been the focus of recent research aimed at the reuse and revalorization of waste. Industrial wastes such as tobacco and cotton industry waste 3, 4 have been studied as sources of cellulose nanostructures (CNS). The isolation of CNS has attracted significant interest for a broad range of applications, such as nanocomposites, due to their nontoxicity, biodegradability, low density, excellent mechanical properties and nanosize dimension with higher surface area, hence, a huge interface with the matrix polymers 5 . The usual isolation methods to obtain nanocelluloses are chemical and mechanical. Chemical isolation by acid hydrolysis results in a disorder of molecules that destroys amorphous cellulose, resulting in crystalline nanocellulose. For the mechanical process, the mechanism of fibrillation in grinder is to break down of hydrogen bonds and cell wall structure by shear forces and individualization of pulp to nanoscale fibers 6 .
In this study, CNS were prepared from primary residues of the paper industry as an alternative to minimize the volume of incinerated materials and to add value to this lignocellulosic material. The composition of this paper waste includes lignocellulosic components, sodium hydroxide, sodium carbonate, sodium sulfite, calcium oxide and others 7 . Two methodologies were used for isolation: chemical, which used sulfuric acid, and mechanical, which used ball mill. Thermal, morphological, and dimensional properties were evaluated to determine which method was more effective, with higher thermal stability and smaller particle sizes.
Experimental
Materials: The raw material is primary paper residue provided by Multiverde Papeis Especiais Ltda. Company (Mogi das Cruzes, Brazil).
Treatments: The CNSs were obtained through two pretreatments: mercerization followed by bleaching. The mercerization was done mixing 1 g of residue and 20 mL of 92% (v/v) acetic acid and 1.4% (v/v) sulfuric acid aqueous solution with constant agitation at 115 ºC for 3 h. Later, the samples were washed by distilled water, filtered and dried at 50 ºC for 3 h. Bleaching was done submitting the mercerized samples in 34% (v/v) hydrogen peroxide and 4% (w/v) sodium hydroxide aqueous solution, with constant agitation at 50 ºC for 1 h. Then the samples were washed, filtered and dried at 80 ºC for 2 h. The CNS isolation was conducted by two different methodologies: (I) Acid hydrolysis was done with 40% sulfuric acid aqueous solution (H 2 SO 4 ) at 50 ºC for 1 h. The solution was centrifuged at 6000 RPM for 10 min and neutralized in a dialysis membrane for five days, and (II) Mechanical grinding by ball milling for 4 h, using 1 g of residue and 80 g of porcelain balls with 21 mm diameter.
Characterizations:
(i) Fourier transform infrared spectroscopy (FTIR): FTIR analysis was used to identify the chemical structure of the lignocellulosic components present in the samples. The equipment was a Frontier 94942 (PerkinElmer, USA). The resolution of this instrument is 2 cm -1 . Using attenuated total reflectance accessory, the spectra were recorded in the range of 400-4000 cm -1 , and 64 scans were carried out.
(ii) Thermogravimetric analysis (TGA): Thermal stability was evaluated by progressive increasing of the temperature increases in the thermogravimetric analyzer (STA 6000, PerkinElmer, USA). About 5 mg of samples were placed in alumina pan and heated from 20 to 600 ºC at the rate of 20 ºC min -1 . The flow of dynamic carrier nitrogen gas was set at a rate of 50 mL min -1 .
(iii) Scanning electron microscopy (SEM): The surface morphology was analyzed by SEM (JEOL -JCM 600, 20 kV). The CNS suspensions were dried at 50 ºC for 3h and the samples were covered with gold by scattering equipment (SCANCOAT, PIRANI 501) at a pressure of 0.3 mbar at 1.5 kV for 35 s.
(iv) Dynamic light scattering (DLS): The hydrodynamic radius was obtained as an approximated crystal size of the nanocellulose dispersed in water. The information was obtained using a dynamic light scattering system (ALV-CGS3) with 90º fixed scattering angle. A HeNe polarized laser (22 mW) with a wavelength of 633 nm was used.
(v) Atomic force microscopy (AFM): The surface morphology and topography of the CNS-chemical and CNS-mechanical samples were analyzed by AFM. For images examination, a droplet of the aqueous suspension was sprayed onto a freshly cleaned silicon wafer and then airdried during 24 h, at room temperature. The AFM experiments were performed in tapping mode, using an Agilent equipment (model 5500), at ambient relative humidity and temperature. The scan was done at a rate of 0.5 Hz, with an image resolution of 256 × 256 pixel, using a silicon cantilever (nanosensor) of constant force between 25 and 75 N m-1 and resonance frequency of 120 kHz. The topography, phase and amplitude of the images were simultaneous recorded for further analysis.
Results and Discussion
(i) Fourier transform infrared spectroscopy Figure 1 shows the FTIR spectra of the paper residue, CNS-chemical and CNS-mechanical samples. It demonstrates the changes in chemical composition of the fibers. The variations relative to the conversion from macro-to nanomaterials are monitored by the changes in the hydroxyl and carboxyl regions. The peaks 3340 and 2918 cm -1 , present in all the samples, were due to hydroxyl group and to aliphatic saturated C-H stretching vibrations of cellulose, respectively 8 . The peak at 1640 cm -1 associated with the O-H bending vibration of absorbed water was evident in spectra of all samples 9, 10 . With regard to the possible effects of extractions on the transmittance bands, it was observed smoothed peaks in the region between 1100 and 1500 cm -1 , where it is not possible to attributed signatures for particular vibrations, since, in this region, complex overlap effects may occur 3 . These small peaks could be also from hemicelluloses and proteins which are present in the cellulose fiber walls 11, 12 . The spectra of all samples are typical of cellulose. Presenting peaks at 1060 and 896 cm -1 which indicates, according the literature, the purity of the crystalline band of cellulose, with characteristics of C-O stretching vibration and elongation of cellulose typical pulp β-glycoside bonds, respectively, especially in nanocellulose spectra (CNS-chemical and CNSmechanical) 3, [9] [10] [11] [12] [13] . It is important to note that the extracted nanocellulose shows transmittance signal at 1428, 1160 cm -1 (indicated by arrow in Figure 1 ) and 896 cm -1 which show that nanocellulose produced was primarily in the form of cellulose I structure, which is the form of native cellulose 14, 15 . (ii) Thermogravimetric analysis (TGA) Figure 2 shows the thermal profile of the all samples. The first step of thermal degradation (Figure 2(a) ) was observed around 100 ºC, which was mainly associated to the evaporation of water due to the hydrophilic character of the fibers 9,10 .
The presence of absorbed water was also detected by FTIR characteristic peak at 1640 cm -1 . The initial decomposition temperature (measured at 10% weight loss) for the paper residue, CNS-chemical and CNS-mechanical were 310 ºC, 196 ºC, and 140 ºC, respectively. The paper residue showed a higher initial thermal degradation than CNS-chemical and CNS-mechanical samples due to the presence of the fiber constituents (lignin and hemicellulose). These components serve as barriers to initiate its degradation 16 . Around 170 ºC, the thermal degradation is associated with the release of volatile and non-polymeric compounds, which can be observed to CNS-chemical and CNS-mechanical samples 3 . CNS showed lower thermal stability than the paper residue, which could be attributed to an increase in the surface area of nanoparticles 9, 17, 18 .
The DTG curves (Figure 2(b) ) revealed the temperature for maximum rate of weight loss for all samples, which are 364 ºC for the paper residue, 243 ºC and 371 ºC for the CNS-chemical and 345 ºC for CNS-mechanical. The CNSchemical showed two different degradations peaks, indicating the presence of different components that decompose at different temperatures. The first may be associated with the sulfate groups on the surface, which induces a higher thermal degradation rate. The second peak, present in all samples, it is around 300 ºC and represents the maximum rate of cellulose degradation 3 . The CNS-chemical sample present higher T max and initial decomposition temperature than CNS-mechanical sample. That might be explained, according Nuruddin, due to a disturbance in a crystalline region during ball milling, which does not occur during acid hydrolysis 19 .
(iii) Scanning electron microscopy (SEM) Figures 3 (a) and (b) show micrographs of CNS-chemical and CNS-mechanical samples. These depict the morphology of the external aspect following isolation methods. The images exhibit substantial differences in shape and agglomeration for the samples. The surface of CNS revealed the presence of organized regions, but it also shows amorphous regions; this means the isolations are partially effective. The nanostructures suspensions exhibit a precipitation in the CNS-mechanical sample before the analysis. It could be an indicator that the resulting nanostructures are not stable and the precipitation occurs due to the deposition of aggregates. In the CNSchemical samples, the use of sulfuric acid dissolved the amorphous region and induced the grafting of negativelycharged sulfate groups on the CNS surface. These results contribute to stabilizing the colloidal suspension by repulsive interparticle forces 17, 19, 20 . (iv) Dynamic light scattering (DLS) DLS is an effective tool to approximate particle size distribution of nano-sized materials. This analysis treats CNS as spheres moving through Brownian motion. Measuring the translational diffusion coefficient of the particles, which is converted to hydrodynamic radius (R H ) 21 . Figure 4 shows the particle-size distribution of CNS-chemical and CNS-mechanical samples. It indicated the average particle size of 246 nm for the CNS-chemical and 281 nm for the CNS-mechanical. Both samples showed two peaks. For CNS-chemical shown in Figure 4 (a), the major peak was recorded with average particle size of 225 nm (88% intensity) and a minor peak with average of 2 µm (12% intensity). Chemical isolation results in a dissolution of parts of cellulose, and the nanostructures show minor sizes. For CNS-mechanical shown in Figure 4 (b), the peak was recorded with an average particle size of 281 nm. The mechanical isolation showed higher sizes due the breakdown of weaker interactions of cellulose fiber 6, 9 . (v) Atomic force microscopy (AFM) Aggregation, bundling, formation of nanofibrils networks and overlapping of individual CNS make getting accurate dimension measurements difficult, even when using current image analysis techniques. For this reason, identifying the sizes of the samples is difficult 22 . The surface topography of the CNS-chemical and CNS-mechanical samples probed by AFM ( Figure 5) , showed that the two sample preparation procedures used induce different morphological features. It seems that the acid hydrolysis gives rise to elongated CNS (nanorods) 23 , whereas the mechanical treatment induces the formation of nanoneedles with a mean diameter of 48±6 nm; that is, the difference between AFM and DLS results occurs due to spherical approximation in DLS analysis. Previous studies show that nanoparticles obtained by acid hydrolysis show spherical particles and surface roughness due to highly aggregated 23 . The nanorods have a mean diameter of 245±31 nm and a mean length of 427±49 nm. The average elliptic ratio of the cellulose nanostructures is then of about 1.75. Size measurements of individual CNS were based on the evaluation of AFM images and the histogram distributions of the nanorod diameters and lengths observed for CNS-chemical samples, as shown in Figures 6a and 6b , respectively. The diameter distribution histogram of the nanoneedles obtained from the CNS-mechanical sample is shown in Figure 6c . This CNS size and morphology dependence has been frequently reported in the literature 24, 25 .
Conclusions
Nanocellulose was isolated from paper waste via sulfuric acid hydrolysis and mechanical process to obtain distinct morphologies and surface properties. Both samples show purified cellulose, as confirmed by the FTIR results. TGA revealed lower thermal stability for CNS-mechanical samples than for CNS-chemical samples, which was probably caused by the residual cellulose amorphous region. In SEM, different morphologies were observed, with both samples displaying a tendency to agglomerate. The average CNS sizes varied with the method: 246 nm for CNS-chemical samples and 281 nm for CNS-mechanical samples. AFM analysis showed different morphologies, with cellulose nanostructures obtained by sulfuric acid hydrolysis and nanoneedles obtained by a mechanical method. Therefore, we believe that in the near future, paper industrial residues containing high cellulose content will prove to be a very promising source of low-cost, raw material for CNS production, as well as for other high value-added bio-conversion processes.
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